Abstract The reduction of hexavalent chromium, Cr(VI), to trivalent chromium, Cr(III), can be an important aspect of remediation processes at contaminated sites. Cellulomonas species are found at several Cr(VI) contaminated and uncontaminated locations at the Department of Energy site in Hanford, Washington. Members of this genus have demonstrated the ability to effectively reduce Cr(VI) to Cr(III) fermentatively and therefore play a potential role in Cr(VI) remediation at this site. Batch studies were conducted with Cellulomonas sp. strain ES6 to assess the influence of various carbon sources, iron minerals, and electron shuttling compounds on Cr(VI) reduction rates as these chemical species are likely to be present in, or added to, the environment during in situ bioremediation. Results indicated that the type of carbon source as well as the type of electron shuttle present influenced Cr(VI) reduction rates. Molasses stimulated Cr(VI) reduction more effectively than pure sucrose, presumably due to presence of more easily utilizable sugars, electron shuttling compounds or compounds with direct Cr(VI) reduction capabilities. Cr(VI) reduction rates increased with increasing concentration of anthraquinone-2,6-disulfonate (AQDS) regardless of the carbon source. The presence of iron minerals and their concentrations did not significantly influence Cr(VI) reduction rates. However, strain ES6 or AQDS could directly reduce surface-associated Fe(III) to Fe(II), which was capable of reducing Cr(VI) at a near instantaneous rate. These results suggest the rate limiting step in these systems was the transfer of electrons from strain ES6 to the intermediate or terminal electron acceptor whether that was Cr(VI), Fe(III), or AQDS.
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Keywords Bioremediation Á Heavy metal Á Humics Á Electron shuttle Á Radionuclide Á Biotic and abiotic reduction Introduction Hexavalent chromium, Cr(VI), is a common groundwater contaminant in many locations including Department of Energy (DOE) sites. It has been used in numerous industrial processes including chromate plating, the manufacturing of dyes and pigments, leather tanning, wood preservation, and alloy production (Calder 1988; James 1994; Hayes 1997; Barceloux 1999) . At many DOE sites, including DOE's Hanford site in Washington, chromium was used in nuclear production processes and leached into the soil after storage tanks corroded (Anonymous 2005) . Cr(VI) is a known carcinogen, very water soluble and mobile (Yassi and Nieboer 1988; Barceloux 1999) . The reduction of Cr(VI) to Cr(III) is advantageous because Cr(III) is less toxic, less soluble and less mobile.
Numerous subsurface microorganisms have been shown to possess the capability to reduce Cr(VI) to Cr(III) including Cellulomonas spp. such as strain ES6 (Turick et al. 1996; Chen and Hao 1998; Fredrickson et al. 2000; Francisco et al. 2002; Liu et al. 2002; Sani et al. 2002; Viamajala et al. 2007 ). Cellulomonas sp. strain ES6 (henceforth referred to as strain ES6) is a facultative anaerobe that was isolated from the DOE Hanford site along with other Cellulomonas spp. in a Cr(VI)-containing enrichment demonstrating strain ES6 has the potential to play a role in the in situ remediation of hexavalent chromium at this site. Additionally, compared to Gram-negative bacteria, significantly less research has been conducted on the ability of Gram-positive bacteria to reduce Cr(VI), the rates at which this reduction occurs and the factors that influence it.
A variety of soil constituents and potential stimulants may play a role in Cr(VI) reduction rates in situ, and these studies aim to address this. For example, previous studies have shown that a variety of carbon sources can be added to stimulate Cr(VI) reduction including sucrose and molasses (Chen and Hao 1998; Smith et al. 2002; Tseng and Bielefeldt 2002; Krishna and Philip 2005; Viamajala et al. 2007 ). These two carbon sources are especially appealing as they not only stimulate a variety of microorganisms, but are also relatively inexpensive compared to other sugars (Lichtenthaler 2002) and therefore, are very likely more cost-effective. While strain ES6 is capable of utilizing both carbon sources for anaerobic growth in the absence of external electron acceptors (Gerlach et al. 2011) , little is known about Cr(VI) reduction kinetics during fermentative growth of this subsurface-relevant bacterium.
Direct microbial Cr(VI) reduction through enzymatic mechanisms is a slow process when compared to chemical reduction (Nyman et al. 2002; Wielinga et al. 2001 ) and therefore, the presence of additional electron donors and shuttles may play an important role in Cr(VI) reduction in situ. Soil and groundwater systems can contain a variety of compounds including natural organic matter, such as humics, as well as iron minerals (Lovley and Phillips 1986a, b) . These compounds have been shown to influence the reduction of oxidized environmental contaminants including reducible heavy metals and organics, such as Cr(VI) and nitroaromatics (Eary and Rai 1988; Pettine et al. 1998; Seaman et al. 1999; Amonette et al. 2000; Wielinga et al. 2001; Nyman et al. 2002; Vázquez-Morillas et al. 2006; Okutman Tas and Pavlostathis 2007; Kumpiene et al. 2008; Kwon and Finneran 2009; Li et al. 2009; Liu et al. 2009 ).
Iron minerals are diverse in their Fe(II)/Fe(III) compositions, surface areas, and crystallinities which have all been shown to influence the ability of microorganisms to reduce them (e.g. Nealson and Saffarini 1994; Roden and Zachara 1996; Lovley 1997; Zachara et al. 1998; Fredrickson et al. 2000; Newman 2001 ). As mentioned above, the microbial reduction of Fe(III) is considered especially important in Cr(VI) contaminated aquifers as it has been shown that Fe(II) has the ability to directly reduce Cr(VI), often at rates much higher than enzymatic processes (Buerge and Hug 1997; Pettine et al. 1998; Seaman et al. 1999; Wielinga et al. 2001; Nyman et al. 2002; Vázquez-Morillas et al. 2006; Viamajala et al. 2008; Li et al. 2009 ). However, in these Cr(VI)-contaminated environments, iron minerals may also act as competing electron acceptors when in an oxidized state. Therefore, it is not surprising that studies have shown that the type of iron oxide present can influence both the extent and rate of microbial reduction of Cr(VI) (Seaman et al. 1999; Fredrickson et al. 2000; Wielinga et al. 2001; Xu et al. 2005; Jung et al. 2007 ). As strain ES6 has the capability to reduce Fe(III) to Fe(II) (Viamajala et al. 2008; Gerlach et al. 2011) , the production of surface-associated and dissolved Fe(II) from different iron minerals by strain ES6 may influence the extent and reduction rate of Cr(VI) when present in the same system. Additionally, Fe(II)-mediated Cr(VI) reduction may not only be faster, but potentially more beneficial as it often results in the formation of insoluble and immobile Cr(III) hydroxides (Eary and Rai 1988; Kumpiene et al. 2008) . Previous studies have demonstrated that the presence of strain ES6 and HFO led to prolonged Cr(VI) reduction in column studies (Viamajala et al. 2008) . The studies presented here aim to gain a better understanding of the specific interactions between these constituents and the rate at which they occur, specifically in regards to how these interactions affect Cr(VI) reduction rates.
Lastly, electron shuttles such as humic substances and quinones can reduce or eliminate the need for direct transfer of electrons by microbes to electron acceptors such as solid phase iron oxides and Cr(VI). Studies have shown that the presence of electron shuttles can increase the rate and extent of both Cr(VI) and Fe(III) reduction by microorganisms (Lovley and Phillips 1986b; Lovley 1997; Fredrickson et al. 1998; Lovley et al. 1998; Zachara et al. 1998; Lovley and Blunt-Harris 1999; Nevin and Lovley 2000; Liu et al. 2002; Royer et al. 2002; Turick et al. 2002; Brose and James 2010) . Gerlach et al. (2011) demonstrated that the addition of the electron shuttle, anthraquinone-2,6-disulfonate (AQDS), led to an increased rate of Fe(III) reduction by strain ES6, but little is known about how it will affect Cr(VI) reduction rates.
Strain ES6 is an environmentally relevant organism isolated from the Hanford site capable of reducing Cr(VI) as well as producing Fe(II) from soluble and insoluble Fe(III) sources (Sani et al. 2002; Viamajala et al. 2007 Viamajala et al. , 2008 Gerlach et al. 2011) . This makes it an excellent model organism for studying the in situ Cr(VI) reduction rates under environmentally relevant conditions. In order to better design in situ Cr(VI) bioremediation systems, the interactions between soil constituents, the microorganisms present within these soils and hexavalent chromium have to be well understood. The purpose of this study was to determine the combined influence of the carbon source present (electron donor), electron shuttling compounds as well as different iron mineral phases and concentrations on reduction rates of Cr(VI) by strain ES6.
Materials and methods

Inoculum and culture conditions
Cellulomonas sp. strain ES6 was previously isolated from soil collected at the DOE Hanford site in Washington state through an anaerobic enrichment containing Cr(VI) (Viamajala et al. 2007) . Strain ES6 was maintained in frozen stock cultures containing tryptic soy broth (TSB, 30 g/L, Difco Laboratories) with 20 % glycerol at -80°C. Cells were pre-cultured in TSB for 24 h on a horizontal shaker at 150 rpm and 30°C, transferred into fresh TSB and grown again for 18 h in TSB (each 1 % initial inoculum). This transferred culture was centrifuged (5,8609g, 4°C, 20 min), and cells were washed and resuspended in a synthetic groundwater medium (SGW), buffered at pH 7, as described by Gerlach et al. (2011) . The complete list of SGW constituents and their final concentrations can be found in Supplemental Table S1 . Sodium metasilicate, sodium carbonate, sodium sulfate, yeast extract, and casamino acids were dissolved in deionized water and autoclaved at 121°C. The autoclaved solution was boiled under an oxygen-free atmosphere of N 2 /CO 2 (80:20) for 10 min and cooled to room temperature under the same conditions. Sterile, oxygen-free stock solutions of sodium bicarbonate, potassium chloride, calcium chloride, magnesium hydroxide and trace minerals were added. The resuspended culture was used to inoculate the batch experiments described below. To determine the initial concentrations of viable cells (measured as colony forming units, CFU), serial dilutions were performed in phosphate buffered saline, aliquots spread on Tryptic Soy Agar (Difco Laboratories), plates incubated for 48 h at 30°C, and colonies were counted.
Batch studies
Anaerobic batch experiments were set up in 30-mL anaerobic culture tubes (Bellco Glass Ò , Vineland, NJ) with N 2 /CO 2 (80:20) mixed gas headspace. The tubes were sealed with butyl rubber stoppers and aluminum crimp seals. Each treatment was set up in triplicate. Treatments were inoculated with strain ES6 (prepared as described above) and, at the start of each experiment, K 2 CrO 4 was added to a final concentration of 5 mg Cr(VI)/L (96 lM Cr(VI)). This concentration is the same as used during the enrichment and isolation of strain ES6, but higher than the Cr(VI) concentration observed in the groundwater at the Hanford site (1.49 mg Cr(VI)/L) from where the organism was originally isolated (Viamajala et al. 2007 ).
Influence of carbon sources on Cr(VI) reduction by strain ES6
Since sucrose (especially as molasses) is relatively inexpensive, we chose to focus on these carbon sources for this study. Two treatments contained SGW and either 10 mM sucrose (120 mM carbon) or 3.42 g/L high purity molasses (Grandma's Original Molasses, Mott's Inc., Stamford, CT). Molasses has a high content of sucrose (Prescott and Dunn 1983) and, if assumed to consist of 100 % sucrose, 3.42 g/L are equivalent to 10 mM sucrose (120 mM carbon). Two more treatments contained SGW, 10 mM sucrose or 3.42 g/L molasses and 100 lM AQDS. Two control treatments contained no carbon source; one also contained 100 lM AQDS while the other contained no AQDS. The initial cell concentration for all treatments was determined to be 7.63 9 10 7 ± 3.79 9 10 6 CFU/mL.
Influence of electron shuttles on Cr(VI) reduction by strain ES6
Treatments containing different electron shuttles were established using 100 lM 2-hydroxy-1,4-naphthoquinone (HNQ), 100 lM AQDS, 100 lM vitamin B 12 and 29.5 mg/L Elliot soil humic acid standard (International Humic Substances Society (IHSS), MN, USA). Vitamin B 12 is not classified as an electron shuttle, but has been shown to enhance microbial reduction of carbon tetrachloride by Shewanella alga strain BrY (Workman et al. 1997 ) and therefore was added to determine if it could act in a similar capacity in this study. Initial cell concentration for all biotic treatments was determined to be 6.60 9 10 8 ± 8.18 9 10 7 CFU/mL.
Influence of electron shuttle-to-Cr(VI) ratio on Cr(VI) reduction by strain ES6
These treatments contained SGW, 10 mM sucrose and either 0, 10, 50, 100, 500, 1000, or 8900 lM AQDS.
Initial cell concentration for all biotic treatments was determined to be 1.47 9 10 8 ± 4.16 9 10 7 CFU/mL.
Influence of iron minerals on Cr(VI) reduction by strain ES6
Five treatments contained SGW, 100 lM AQDS, 10 mM sucrose and 6 mM Fe(III) in the form of one of the following five minerals (described in detail in Gerlach et al. 2011) : hydrous ferric oxide (HFO), hematite, goethite, maghemite, and magnetite. Additional treatments were set up using hematite, goethite, and magnetite without AQDS. Two control treatments were included in which either no iron mineral was present or no cells were added. Iron minerals were pasteurized at 80°C for 5 h prior to being used in batch studies. Pasteurization was used instead of autoclaving in order to minimize the potential impact of autoclaving on mineralogy. Initial cell concentrations for all biotic treatments except those with HFO were 4.73 9 10 8 ± 9.29 9 10 7 CFU/mL and for treatments containing HFO 3.87 9 10 8 ± 7.77 9 10 7 CFU/mL.
Influence of Fe-to-Cr ratio on Cr(VI) reduction by strain ES6
Four treatments contained SGW, 10 mM sucrose and either 9, 6, 3 or 1.5 mM Fe(III) as HFO. Four equivalent treatments were set up containing 100 lM AQDS. Cell-free and iron mineral-free control treatments were set up as well. Initial cell concentration for all biotic treatments was determined to be 2.00 9 10 8 ± 3.61 9 10 7 CFU/mL.
Influence of microbially produced Fe(II) on Cr(VI) reduction
Six treatments contained SGW, 10 mM sucrose and 6 mM Fe(III) in the form of HFO. Four of these treatments were inoculated with strain ES6 (as described above) of which two treatments also contained 100 lM AQDS. Two other treatments were cell-free controls one of which also contained 100 lM AQDS. After 32 days, when Fe(III) and AQDS were reduced in the treatments containing strain ES6, two of these treatments (one with AQDS and one without) and both of the cell-free controls were sterilized by autoclaving so any further reduction in the systems would be abiotic. Cell-free controls were autoclaved so that any potential changes in mineralogy would be reflected in all control treatments. Cr(VI) was added to all six treatments after cooling to evaluate the effect of non-biological Cr(VI) reduction in the presence of biologically reduced HFO.
Analytical methods
Cr(VI) quantification
Cr(VI) concentrations were determined spectrophotometrically using the diphenylcarbazide assay as described by Nyman et al. (2002) . 150 lL of the filtered sample was added to 50 lL of 0.8 N H 2 SO 4 in a 96-well microtiter plate followed by the addition of 20 lL of 0.25 % 1,5-Diphenylcarbazide (SigmaAldrich, St. Louis, MO) in 100 % acetone. Assay blanks were prepared by the addition of 20 lL of 100 % acetone without 1,5-Diphenylcarbazide. Absorbance was measured at 540 nm, adjusted to corresponding assay blanks and compared to standards made from a K 2 CrO 4 stock solution (Ricca Chemical Company, Arlington, TX).
Iron analysis
Fe(II) quantification was performed using the procedure described by Gerlach et al. (2011) modified from Lovley and Phillips (1987) . Briefly, sample aliquots were extracted with 0.5 N HCl for 2 h. Aliquots of acid extracts were added to a solution of 1 g ferrozine (Sigma, St. Louis, MO) in 1 L HEPES buffer at pH 7 and the absorbance was determined spectrophotometrically at 540 nm.
Data analysis
First order rate coefficients (k) for the reactions were calculated based on the following model: cCr(VI) = cCr(VI) o 9 e -kt through the use of TableCurve TM 2D v. 4 (AISN Software, Inc.) in which cCr(VI) o is the initial Cr(VI) concentration at time zero and cCr(VI) is the Cr(VI) concentration at time (t). First order rate coefficients were normalized to the initial cell concentrations of strain ES6 using Microsoft Excel Ò . A first order kinetic model was used to account for the potential influence of Cr(VI) concentration on the rate of Cr(VI) reduction, which is analogous to a previously published model by our research group describing Cr(VI) reduction by Shewanella oneidensis (Viamajala et al. 2002) . Additionally, the correlation coefficients for the first order model were consistently greater than those for a zero order model, suggesting that a first order model represented the data better. Standard deviations of the experimental replicates are reported as these errors are commonly greater than the standard deviations associated with the first order fits. It is important to note that the model fits were used merely as an aid to interpreting the relative effects (and magnitudes of the effects) of various environmentally relevant factors (such as the presence of humics, Fe types, and concentrations) and not to describe the fundamental kinetic process(es) associated with Cr(VI) reduction by strain ES6.
Results
Influence of carbon sources on Cr(VI) reduction by strain ES6
Results indicate the addition of a carbon source significantly increased Cr(VI) reduction rates ( Fig. 1 ; Supplemental Table S2 ). When comparing the two carbon sources provided, the rate of Cr(VI) reduction was greater in the presence of molasses compared to sucrose with first order rate coefficients calculated to be 4.64 9 10 -9 ± 6.55 9 10 -10 mL/(CFU h) and 1.06 9 10 -10 ± 7.34 9 10 -12 mL/(CFU h), respectively.
Regardless of which carbon source was present, Cr(VI) reduction rates were enhanced in the presence of AQDS. First order rate coefficients for molasses and sucrose in the presence of AQDS were calculated to be 1.53 9 10 -8 ± 3.10 9 10 -10 mL/(CFU h) and 8.63 9 10 -10 ± 1.82 9 10 -10 mL/(CFU h), respectively. The carbon-free and AQDS-free control treatment containing strain ES6 showed no statistically significant Cr(VI) reduction after 7 days. Cr(VI) reduction was not obvious until 18 days into the experiment (data not shown) and first order Cr(VI) reduction rates were calculated to be approximately 4.96 9 10 -12 ± 1.01 9 10 -12 mL/(CFU h) for that time frame. The addition of AQDS increased the rate of Cr(VI) reduction (1.97 9 10 -10 ± 3.29 9 10 -11 mL/(CFU h)) even though a carbon source was absent.
Influence of electron shuttles on Cr(VI) reduction by strain ES6
Since the presence of AQDS enhanced Cr(VI) reduction rates (Fig. 1) , other electron shuttling compounds were also tested in order to determine whether the type of electron shuttle present influenced Cr(VI) reduction rates. In the presence of sucrose and each of the electron shuttles tested rapid Cr(VI) reduction occurred and reached below detection levels (0.01 mg/L) within 22 h (Fig. 2) . The quinones, AQDS and HNQ, enhanced Cr(VI) reduction rates by strain ES6 more than the humic acid standard (HAS). First order rate coefficients for AQDS and HNQ were calculated to be 1.20 9 10 -9 ± 6.78 9 10 -11 mL/(CFU h) and 1.68 9 10 -8 ± 4.03 9 10 -10 mL/(CFU h), respectively. It is important to note that although Cr(VI) reduction in the presence of 100 lM AQDS occurred faster in the treatments presented in Fig. 2 compared to those described in Fig. 1 , the results are consistent between the two studies. This increased apparent Cr(VI) reduction rate in Fig. 2 was due to a greater initial cell concentration in these treatments (6.60 9 10 8 ± 8.18 9 10 7 CFU/mL compared to 7.63 9 10 7 ± 3.79 9 10 6 CFU/mL), and there was no statistically significant difference in the cell concentration-normalized first order Cr(VI) reduction rate coefficients (k) for any of the replicate treatments containing 10 mM sucrose and strain ES6 or replicate treatments containing 10 mM sucrose, 100 lM AQDS, and strain ES6 (t test, p [ 0.05).
While vitamin B 12 was shown previously to enhance the transformation of carbon tetrachloride by S. alga strain BrY (Workman et al. 1997 ), a similar effect was not observed in our studies. In the presence of vitamin B 12 , Cr(VI) reduction rates were approximately equal to electron shuttle-free controls (Fig. 2) .
Influence of electron shuttle-to-Cr(VI) ratio on Cr(VI) reduction by strain ES6
Experiments were performed in order to determine if Cr(VI) reduction rates were influenced by the concentration of an electron shuttle. Results showed a direct correlation between AQDS concentrations and Cr(VI) reduction rates with greater concentrations of AQDS leading to faster reduction of Cr(VI) ( Fig. 3 ; Supplemental Fig. S1 ; Supplemental Table S2 ). In fact, there was an approximate 50-fold increase in Cr(VI) reduction rates between the lowest (10 lM) and the highest (8,900 lM) AQDS concentration tested. First order rate coefficients were calculated to be 9.82 9 10 -10 ± 5.98 9 10 -11 mL/(CFU h) and 5.22 9 10 -8 ± 6.24 9 10 -9 mL/(CFU h), respectively (Fig. 3 Inset; Supplemental Table S2 ). As the addition of an electron shuttle greatly enhanced Cr(VI) reduction rates, it suggests that the rate limiting step in a system containing a carbon source, strain ES6, and Cr(VI) is the transfer of electrons from strain ES6 to Cr(VI).
Influence of iron minerals on Cr(VI) reduction by strain ES6
Previous studies have shown that the type of iron mineral present in a system influences Cr(VI) reduction rates (e.g. Wielinga et al. 2001; Xu et al. 2005) . However, in this study the presence and the type of iron mineral in the system did not appear to influence the rate of Cr(VI) reduction by strain ES6 (Fig. 4 ; Supplemental Fig. S2 ; Supplemental Table S2 ).
In all treatments containing AQDS, except for the cell-free control, complete Cr(VI) reduction occurred by 18 h. There was no statistically significant difference in Cr(VI) reduction rates (t test, p [ 0.05) Fig. 1 Cr(VI) reduction by strain ES6 in the presence of different carbon sources and in the presence or absence of anthraquinone-2,6-disulfonate (AQDS), an electron shuttle. All treatments contained strain ES6 (7.63 9 10 7 ± 3.79 9 10 8 CFU/mL). Error bars represent ± one standard deviation (n = 3) and are smaller than the symbols where not visible Fig. 2 Cr(VI) reduction by strain ES6 in the presence of different electron shuttles. All treatments contained 10 mM sucrose and strain ES6 (6.60 9 10 8 ± 8.18 9 10 7 CFU/mL). HNQ 2-hydroxy-1,4-naphthaquinone (100 lM), AQDS anthraquinone-2,6-disulfonate (100 lM), HAS Elliot soil humic acid standard (29.5 mg/L), Vit B12 vitamin B 12 (100 lM). Inset Cr(VI) concentrations for the first 2 h of each experiment. Error bars represent ± one standard deviation (n = 3) and are smaller than the symbols where not visible between these treatments demonstrating that the type of iron mineral present did not influence strain ES6's ability to reduce Cr(VI). Additionally, the presence of iron minerals in the system did not affect Cr(VI) reduction rates when AQDS was also present as there was no significant difference in Cr(VI) reduction rates whether an iron mineral was present or absent. While it appears that Cr(VI) was reduced slightly slower when HFO was present, the calculated first order rate constant was not significantly different from the rate constants calculated for the other iron minerals or the iron mineral-free treatment (t test, p value [0.05). The same trend was observed when AQDS was absent from the system (Supplemental Fig. S2 ; Supplemental Table S2 ). No significant difference in Cr(VI) reduction rates was observed (t test, p [ 0.05) regardless of which iron mineral was present. However, complete reduction of Cr(VI) in the absence of AQDS took longer in all treatments containing iron minerals (approximately 42 h) compared to treatments that contained AQDS (approximately 18 h).
Influence of Fe-to-Cr ratio on Cr(VI) reduction by strain ES6
Additional treatments were established to further evaluate the possible influence of Fe(III) on Cr(VI) reduction by strain ES6 through varying the amounts of the most easily reducible iron mineral (HFO). Results suggested that increased concentrations of HFO did not lead to a change in Cr(VI) reduction rates ( Fig. 5 ; Supplemental Table S2 ). However, there was a significant difference in reduction rates between treatments that contained AQDS and those that did not, regardless of the iron concentration ( Fig. 5 ; Supplemental Table S2 ). These results suggest that the presence of AQDS plays a greater role in Cr(VI) reduction rates by strain ES6 than the amount of Fe(III) mineral present. The results showed complete Cr(VI) reduction in all treatments containing HFO and AQDS by 12 h and no significant difference in Cr(VI) reduction rates with varying HFO concentrations. Fe(II) analysis in these treatments showed that a significant increase in Fe(II) concentrations was not Fig. 4 Cr(VI) reduction by strain ES6 in the presence of different iron minerals. All treatments contained 10 mM sucrose, 6 mM Fe(III), and strain ES6 unless indicated otherwise (initial cell concentrations 3.87 9 10 8 ± 7.77 9 10 7 CFU/mL for HFO containing treatments, 4.73 9 10 8 ± 9.29 9 10 7 CFU/mL for all other iron minerals). HFO hydrous ferric oxide, HEM hematite, GOE goethite, MHM maghemite, MGN magnetite, AQDS anthraquinone-2,6-disulfonate (concentration 100 lM where indicated). Error bars represent ± one standard deviation (n = 3) and are smaller than the symbols where not visible observed until after Cr(VI) was completely reduced (Supplemental Fig. S3 ).
Influence of microbially produced Fe(II) on Cr(VI) reduction
As it was possible that microbially produced Fe(II) may be directly reducing Cr(VI), treatments were established to determine the rate and extent at which microbially produced Fe(II) could reduce Cr(VI). The results indicate that microbially produced Fe(II) drastically enhanced Cr(VI) reduction rates ( Fig. 6 ; Supplemental Table S2 ). Complete reduction in all treatments containing microbially produced Fe(II) occurred within minutes and calculated apparent first order rate coefficients were C263 h -1 indicating that Fe(II) chemically reduced Cr(VI) at an almost instantaneous rate. Additionally, Cr(VI) was added to treatments containing pre-reduced AQDS (produced as described by Borch et al. 2005) in the form of AHDS. Calculated apparent first order Cr(VI) reduction rate coefficients in the presence of 100 lM AHDS were [400 h -1 . The final product of Cr(VI) reduction was identified as Cr(III) in all treatments using X-ray absorption near edge structure (XANES) analysis (Supplemental Fig.  S4 ).
Discussion
Influence of carbon source on Cr(VI) reduction Results indicate that the presence of a carbon source increased Cr(VI) reduction rates. Surprisingly, Cr(VI) reduction was slightly faster when molasses was provided compared to pure sucrose (Fig. 1) . Molasses has a high sucrose content (Prescott and Dunn 1983) but the increase in reduction rates was most likely due to the presence of other more easily utilized sugars (e.g. glucose and fructose), other potential electron shuttles that may have enhanced or aided in Cr(VI) reduction by strain ES6 or the presence of compounds in molasses with direct Cr(VI) reduction capabilities. Overall, these results are encouraging as molasses represents a more cost-effective option for in situ remediation than pure sucrose or other sugars. Additionally, these studies demonstrated that in the absence of an available carbon source or electron shuttle Cr(VI) reduction still occurs, but at a significantly slower rate (approximately 20 times slower). These results are consistent with previous studies with strain ES6, which suggest that, in the absence of an external electron donor, endogenous electron reserves, or possibly cell lysis compounds, can be utilized by strain ES6 for the reduction of Cr(VI), Fe(III), and U(VI) in batch and column experiments (Sani et al. 2002; Viamajala et al. 2007 Viamajala et al. , 2008 Gerlach et al. 2011 ). This may be especially useful for in situ Cr(VI) reduction where it may be costly or difficult to continually add an electron donor. Instead, in the field, an electron donor could be added in form of a fairly highly concentrated pulse and the organisms could build up carbon storage compounds, which could be utilized for Cr(VI) reduction later on. The importance of timing and cost for each remediation site will need to be evaluated in order to determine if the addition of a carbon source is necessary.
Influence of electron shuttle on Cr(VI) reduction
In the studies presented here, the addition of an electron shuttle appeared to have the most significant effect on Cr(VI) reduction rates compared to the other Fig. 5 Cr(VI) reduction by strain ES6 as a function of Fe(III) concentration in the form of HFO. All treatments contained 10 mM sucrose and strain ES6 (2.00 9 10 8 ± 3.61 9 10 7 CFU/mL) unless indicated otherwise. AQDS anthraquinone-2,6-disulfonate (concentration 100 lM where indicated). Error bars represent ± one standard deviation (n = 3) and are smaller than the symbols where not visible Biodegradation (2013) 24:437-450 445 potential soil constituents. For example, Cr(VI) reduction rates were significantly greater in the carbon-free treatment containing AQDS compared to the sucrose treatment without AQDS indicating that the presence of an electron shuttle had a greater effect on reduction rates than the presence of an electron donor. Therefore, these results suggest that under the conditions tested, the ability to transfer of electrons had a greater influence on Cr(VI) reduction rates than the presence of an easily utilizable carbon source. The presence of a carbon source can stimulate growth of the microorganisms present, increasing the number of cells available to transfer electrons to Cr(VI) or produce enzymes that can directly reduce Cr(VI).
The results presented here suggest that stimulating the growth of strain ES6 did not lead to increased Cr(VI) reduction and therefore, direct enzymatic reduction was likely not a dominant process in this system. The type of electron shuttle present was also found to play a role in Cr(VI) reduction rates with the highly soluble, low-molecular weight quinones, AQDS and HNQ, being more effective than the less soluble, highmolecular weight humic acid substances (Fig. 2) . However, when compared to the presence or absence of an electron shuttle, the type of electron shuttle did not have as significant an effect. This again suggests that the most significant effect on Cr(VI) reduction rates was the presence of an electron shuttle.
Influence of iron minerals on Cr(VI) reduction
As previously mentioned, the type of iron mineral present has been shown to influence Cr(VI) reduction by other microorganisms (Seaman et al. 1999; Fredrickson et al. 2000; Wielinga et al. 2001; Xu et al. 2005; Jung et al. 2007 ). Interestingly, our results do not support previous findings as neither the type of iron mineral nor the amount of iron mineral present affected Cr(VI) reduction rates under the conditions tested here (Figs. 4, 5) . Previous studies by Gerlach et al. (2011) demonstrated that strain ES6 is capable of producing Fe(II) from many types of iron minerals including those tested here, so these observations are not due to the inability of strain ES6 to carry out this function. It is possible that strain ES6 can more quickly reduce Cr(VI) than Fe(III), and therefore Cr(VI) was reduced preferentially over surface-associated Fe(III). In this case, Fe(III) would act neither as a competitive electron acceptor nor as potential electron donor in the form of Fe(II). This scenario is supported by the fact that complete Cr(VI) reduction often occurred within 24 h in this study while Error bars represent ± one standard deviation (n = 3) and are smaller than the symbols where not visible measurable Fe(II) production here and in the studies by Gerlach et al. (2011) was detected on the order of days. It is also possible that at least some Fe(III) was reduced to Fe(II) throughout the entire duration of the experiment, though at a slower rate than Cr(VI) to Cr(III) reduction. In this case, the produced Fe(II) might have acted as an electron donor in the abiotic reduction of Cr(VI), resulting in no or little detectable increase in Fe(II) concentrations. Once Cr(VI) had been reduced completely, Fe(II) would no longer be re-oxidized by Cr(VI), and Fe(II) concentrations would begin to increase. This is supported by the observation that Fe(II) was not significantly produced in these studies until after Cr(VI) was completely reduced (see Supplemental Fig. S3 ). Our results suggest that even though iron mineral reduction might occur in the presence of Cr(VI), it ultimately does not significantly decrease the overall rate of Cr(VI) reduction. While not discussed in detail, sorption of Cr(VI) to Fe(III) was highly unlikely in these studies as sorption is more common at low pH values (Tzou et al. 2003 ) and previous column studies under similar conditions observed negligible sorption of Cr(VI) to Fe(III) (Viamajala et al. 2008 ).
It appears that when predicting in situ Cr(VI) reduction rates for organisms such as strain ES6, which is not capable of reducing surface-associated Fe(III) quickly, it is not as important to consider the types or concentrations of iron minerals present at the site as compared to dissimilatory iron-reducing microbes. If other microorganisms, such as dissimilatory iron-reducing microbes capable of reducing Fe(III) at a faster rate than strain ES6, are responsible for in situ Cr(VI) reduction, then the types and concentrations of iron minerals may play a larger role since our results demonstrate that microbially produced Fe(II) reduces Cr(VI) at an almost instantaneous rate compared to direct microbial Cr(VI) reduction. Therefore, at the Hanford site, from which strain ES6 and relatives were isolated, it would be important to have a good understanding of the organisms responsible for Cr(VI) reduction and the type of redoxreactive minerals (such as iron oxides) present in order to implement appropriate stimulation strategies.
Combined influence on Cr(VI) reduction
The results reported here suggest that Cr(VI) reduction by strain ES6 is a complex process in which possible soil constituents such as carbon sources (i.e. electron donor), electron shuttles and iron minerals may all play a role. The relative influence of the different compounds on reduction rates are summarized in Fig. 7 . It is important to stress that while the use of a first order model simplifies the true in situ kinetics, it provides valuable insight into the relative changes observed in Cr(VI) reduction rates in an environmentally relevant system. It appears that the initial transfer of electrons from strain ES6 to an electron acceptor, whether it is an intermediate or terminal acceptor, is the rate limiting step in Cr(VI) reduction in the systems studied here. For example, if an electron shuttle such as AQDS is present, strain ES6 can reduce Cr(VI) approximately Fig. 7 Summary of Cr(VI) reduction mechanisms and rates in the presence of strain ES6, a carbon source, an electron shuttle and iron mineral. Average first order reduction rate coefficients for Cr(VI) normalized to cell number are shown. Rate coefficients are reported for treatment conditions containing 10 mM sucrose or 3.42 g/L molasses, 100 lM AQDS, 6 mM Fe(III) in the form of HFO, and 5 mg Cr(VI)/L an order of magnitude faster than in the absence of AQDS, presumably because the presence of an electron shuttle eliminates the need for direct contact between the cells and Cr(VI). If iron minerals are also present in the system they do not significantly affect the rate of Cr(VI) reduction by strain ES6, regardless of their type or concentration, unless they are already reduced to a significant amount and can abiotically reduce Cr(VI) which occurs at an extremely fast rate.
The observation that the final product of Cr(VI) reduction was Cr(III) in all treatments (Supplemental Fig. S4) indicates that long-term immobilization of chromium in soils facilitated by Cellulomonas-like fermenting organisms is possible.
Conclusions
Hexavalent chromium remains a contaminant of interest at many DOE sites and biological reduction of this contaminant in situ may be an important part of its remediation. As numerous Cellulomonas spp., including strain ES6, have been obtained from DOE's Hanford site, they may play an important role in the in situ remediation of Cr(VI) at this and other DOE sites especially as they are capable of growing and carrying out Cr(VI) reduction fermentatively and thus do not require the addition of an external electron acceptor. The research presented here addresses how the interactions of a number of compounds that may be present in these soil systems influence Cr(VI) reduction rates by strain ES6.
The results of this study demonstrate that electron shuttles, such as AQDS, greatly enhance the reduction rates of Cr(VI) to Cr(III) and influence reduction rates more than the other factors investigated here. Therefore, if strain ES6 or a similar organism is present to remediate Cr(VI) in situ at a site such as the DOE Hanford site, the presence or addition of an electron shuttle may be more important than the presence or addition of Fe(III) if the goal is to reduce Cr(VI) as quickly as possible. As these results demonstrate, microorganisms such as Cellulomonas sp. strain ES6 can reduce an electron shuttle such as AQDS, which can itself reduce Cr(VI) at an almost instantaneous rate. The presence of Fe(III) minerals at various concentrations did not influence Cr(VI) reduction rates by strain ES6 suggesting Cr(VI) may be preferentially reduced over Fe(III) by strain ES6 in these systems or the produced Fe(II) reduces Cr(VI) at a basically instantaneous rate. Iron minerals can be reduced by subsurface microorganisms, including strain ES6, producing surface-associated Fe(II), which in turn can reduce Cr(VI) to Cr(III) at a near instantaneous rate. It appears that the rate limiting step of Cr(VI) reduction in these subsurface-relevant systems is the transfer of electrons from strain ES6, to the electron acceptor (intermediate or terminal), either Cr(VI), Fe(III), or AQDS. Strategies for enhancing this electron transfer should be strongly considered when considering Cr(VI) remediation at sites like the DOE Hanford site, from which strain ES6 and related Cellulmonas spp. were isolated.
